Mitochondria from mammalian tissues are believed to possess at least seven anion-transporting systems (Chappell, 1968; Klingenberg, 1970) and recent evidence (Gamble & Lehninger, 1973; Crompton & Chappell, 1973) suggests that in particular instances the number may be greater. With regard to the dicarboxylate carrier, Chappell & Haarhoff (1967) , using the ammonium swelling technique, found that catalytic amounts of added Pi were required for mitochondria to swell in isosmolar ammonium succinate or ammonium malate. As a result they proposed that the added Pi has to enter the mitochondria on the phosphate carrier (Chappell & Crofts, 1966; Tyler, 1969) before leaving the mitochondria on the dicarboxylate carrier in exchange for a dicarboxylate ion. The proposal of Chappell & Haarhoff (1967) received support from the work of Fonyo & Bessman (1968) and Tyler (1969) , who showed that inhibitors of phosphate transport inhibit dicarboxylate transport as assayed by the ammonium swelling technique, indicating the need for the externally added Pi to enter the mitochondrial matrix.
However (Johnson & Chappell, 1970 and complete agreement with the scheme of Chappell & Haarhoff (1967) was found. The evidence relating to the inhibition of dicarboxylate transport by Pi (Harris & Manger, 1968) and other anions (Quagliariello & Palmieri, 1968 ) is open to more than one interpretation, however. Both Harris & Manger (1968) and Quagliariello & Palmieri (1968) (Chappell, 1961) . The polarizing voltage was supplied by a commercial polarograph (Polariter PO 4; Radiometer, Copenhagen, Denmark) which had its own recorder. The experimental cell was thermostatically controlled by a water jacket maintained at 25°C.
Assay ofsuccinate dehydrogenase activity. Succinate dehydrogenase was assayed in an oxygen electrode by using phenazine methosulphate (Bernarth & Singer, 1962) . The mitochondrial suspension was treated with 0.05 % Triton X-100.
The preparation of mitochondria and the assay of mitochondrial volume changes and mitochondrial protein were carried out as described by Johnson & Chappell (1973) .
Materials
The (Johnson & Chappell, 1973) , and in this way differed from the experiment of Harris & Manger (1968) . The results (Fig. 1) , presented in the form of a Dixon (1953) plot, showed that P1 was competitive with succinate, the K1 value for P, being 2.5mM. This is similar to the K1 value of 3.2mM obtained by Harris & Manger (1968 The compounds chosen were mainly phosphate esters and were those most readily obtained. The effects of these compounds on the rate of mitochondrial respiration with succinate as substrate are shown in Table 1 . The phenyl derivatives appeared to be the most potent inhibitors, and the phosphate or phosphonate moiety appeared to be responsible for the inhibitory property of these molecules. The reasons for thinking that this is the case are two: (i) modification of the benzene ring as in p-nitrophenyl phosphate was without effect on the inhibition; (ii) replacement of the phosphate or phosphonate moiety by a carboxyl group, giving benzoate, considerably decreased the efficacy of the inhibitor.
With the substituted C3 compounds, the presence of a phosphate group appeared to be of minor significance: glycerate was weakly effective as an inhibitor, but no effect of ac-glycerol phosphate could be demonstrated at this or higher concentra-1974 (Chappell & Haarhoff, 1967) non-penetrant with respect to the mitochondrial inner membrane was shown by suspending mitochondria in isosmotic solutions of potassium phenylphosphonate and potassium phenyl phosphate. After addition of the antibiotic monensin, which promotes a K+/H+ exchange (Henderson et al., 1969) , or monensin plus an uncoupling agent, there was no change in light-scattering. This finding indicates that the mitochondria were osmotically stable in these solutions and that the phenyl phosphate and phenylphosphonate anions were unable to enter the matrix space by either an electrically neutral or an electrogenic mechanism. Addition of catalytic amounts (2mM) of Pi and malate in the presence of monensin was also without effect, demonstrating that the compounds were not transported by either the dicarboxylate or tricarboxylate carriers (Chappell & Haarhoff, 1967) .
Further evidence that the phenyl derivatives were acting at the level of the membrane came from the following observations, which are summarized in Table 2 : uncoupled respiration with ,-hydroxybutyrate as substrate was relatively unaffected by their presence, indicating that an inhibition of electron transport was unlikely to be responsible for the inhibition of succinate oxidation; secondly, succinate dehydrogenase assayed in mitochondria treated with detergent showed only a small percentage inhibition, again insufficient to account for the effect in the intact system. Kinetic plots showed that phenyl phosphate and phenylphosphonate inhibited succinate oxidation competitively, giving K, values of lmm and 1.5mM respectively. Fig. 2 (Fig.   3 ) indicated that the inhibitors were non-competitive with respect to Pi, since the lines intersect at the abscissa, the point of intersection giving the Km value for Pi in the ammonium malate swelling system as 0.6mm. However, it is possible that the inhibitors were apparently acting non-competitively in this system owing to a competitive effect at both the phosphate carrier and the dicarboxylate carrier. Competition at the level of the phosphate carrier was investigated by suspending mitochondria in isosmolar NH4CI and adding 1 mM-Pi in the presence and the absence of 10mM inhibitor. Light-scattering changes were monitored in a split-beam spectrophotometer with mitochondria suspended in isosmolar NH4Cl as a reference. No inhibitory effect was observed on the rapid low-amplitude swelling after the addition of Pi.
Discussion
The results presented in the present paper indicate that phenyl phosphate and phenylphosphonate are non-penetrant competitive inhibitors of the mitochondrial dicarboxylate carrier. The evidence includes the observations that the swelling of mitochondria in isosmolar ammonium malate and the oxidation of succinate by intact mitochondria are inhibited by these compounds, whereas succinate oxidation by broken mitochondria is relatively unaffected. In the ammonium malate swelling system it was also demonstrated that these inhibitors had a noncompetitive action with respect to Pi, and indepen-1974 dently it was shown that they had no effect on the swelling of mitochondria in ammonium phosphate. It is concluded that they have no effect on the mitochondrial phosphate carrier. That they are nonpenetrant was shown by the stability of mitochondria in isosmolar solutions of their K+ salts in the presence of monensin, with and without uncoupling agent, and catalytic amounts of Pi and malate.
As a first approximation, the inhibitors appear to act in a manner similar to that of 2-n-butylmalonate (Robinson & Chappell, 1967) and 2-phenylsuccinate (Chappell & Robinson, 1968) . However, unlike these substituted dicarboxylic acids, the evidence presented here suggests that phenyl phosphate and phenylphosphonate owe their effectiveness to their structural similarity to Pi, an alternative substrate of the dicarboxylic carrier (Chappell & Haarhoff, 1967; Johnson & Chappell, 1970 . This proposal is supported by the finding that replacement of the phosphate or phosphonate moiety by a carboxyl group to give benzoate decreased the degree of inhibition of succinate oxidation in intact mitochondria and increased the inhibition in broken mitochondria.
Pi itself was shown to inhibit competitively succinate oxidation in intact mitochondria, with a K1 of 2.5mM under conditions in which the transport of Pi on the phosphate carrier was prevented by N-ethylmaleimide. In view of the evidence from the non-penetrant inhibitors, it seems most probable that the inhibitory action of Pi was at the level of the dicarboxylic carrier. However, Harris & Manger (1968) found a K1 value for Pi of 3.2mM with respect to succinate oxidation in the absence of an inhibitor of phosphate transport, and ascribed to this effect a competition for the intramitochondrial cations. Although their interpretation cannot be denied, in view of the similar K1 values in the presence and the absence of N-ethylmaleimide, it seems likely that competition for the dicarboxylate carrier is a significant factor. Alternatively, the P1 inhibition might arise from a lowering of the intramitochondrial succinate concentration as a result of an exchange catalysed by the dicarboxylate carrier.
There is some evidence to suggest that the dicarboxylate carrier has separate binding sites for P1 and dicarboxylate ions (Johnson, 1972) . However, 2-n-butylmalonate, which presumably interacts with the dicarboxylate-binding site, prevents the exchange between internal and external Pi catalysed by the dicarboxylate carrier (Johnson & Chappell, 1970 . Phenyl phosphate and phenylphosphonate show complementary behaviour in inhibiting succinate oxidation when the exchange involves only dicarboxylate ions, succinate and malate (see Chappell & Haarhoff, 1967) . A possible explanation concerning the mechanism of action of all these non-penetrant inhibitors is that they bind to the carrier when it is available at the external face of the inner membrane, thereby making it unavailable for transport. In this way, such an inhibitor interacting with either binding site is effective in preventing the transport of both types of anion.
